Background: Over 50% of persons with idiopathic REM sleep behavior disorder (RBD) will develop
REM sleep behavior disorder (RBD) is characterized by loss of the normal atonia of REM sleep. Affected patients talk, kick, punch, or thrash in apparent response to dream content. 1 Patients with idiopathic RBD are at substantial risk of developing Parkinson disease (PD) and Lewy body dementia, with 5-year estimates of disease risk ranging from 20% to 45%, and 10-year estimates ranging from 40% to 65%. [2] [3] [4] [5] [6] At present, there are no ways to identify which patients with idiopathic RBD will eventually develop neurodegenerative disease. One group of potential predictive markers, by definition performed on all patients with RBD at the time of diagnosis, are polysomnographic (PSG) markers. We examined whether baseline variables on PSG could predict eventual development of neurodegenerative disease.
phasic chin EMG activity during REM sleep, 7 and either a history of elaborate motor activity during sleep associated with dream content, or behavioral manifestations occurring during REM sleep during PSG recording. All patients had a baseline neurologic examination excluding the presence of neurodegenerative disease, according to UK brain bank criteria for parkinsonism and DSM-IV criteria for dementia. 8, 9 From our cohort, we then selected all patients originally diagnosed with idiopathic RBD who eventually developed a defined neurodegenerative disease. These were frequency-matched according to age, sex, and duration of follow-up (since PSG) with idiopathic RBD patients who, at last visit, had not developed an identified neurodegenerative disease. Matching was performed blinded to PSG variables. Controls were selected from the general population, and were frequency-matched for age and sex. All controls had PSG documenting the absence of RBD. Duration of RBD symptoms before PSG was calculated from patient self-report, and duration of objective RBD was defined by the interval between PSG and the last follow-up examination (if well), or disease onset (if neurodegenerative disease was present).
Definition of disease.
Parkinsonism was diagnosed according to UK brain bank criteria, as the presence of bradykinesia in association with rest tremor, rigidity, or postural instability. 9 Once the diagnosis of parkinsonism had been determined, the most likely cause for the parkinsonism was delineated according to best clinical impression of a movement disorders specialist (R.P.) and the UK brain bank criteria for PD. 9 Dementia was diagnosed based upon neuropsychological testing and/or clinical evaluation by a consensus between the neuropsychologist (J.F.G.) and the neurologist (R.P.). For those patients who underwent neuropsychological testing, dementia was defined as significant impairment on at least 2 cognitive domains (executive functions and attention, verbal learning and memory, or visuospatial abilities) in association with functional impairment due to cognitive impairment (defined as inability to self-administer medication independently or any basic or instrumental activity of daily living, due to cognitive loss). 8, 10 For those who refused neuropsychological testing, dementia was defined as MiniMental State Examination Ͻ24 in association with functional impairment due to cognitive impairment.
Polysomnographic variables.
All participants underwent 1 night of PSG recording in the sleep laboratory including a full EEG montage to rule out epilepsy. Patients were withdrawn from any medication known to affect sleep, vigilance, and motor behavior for at least 2 weeks prior to PSG recording. Respiration was monitored using an oronasal thermistor or a nasal canula and with thoracic and abdominal strain gauges, while blood oxygen saturation was continuously recorded by cutaneous finger pulse oximeter. None of the patients or controls showed an apnea index (number of apneas per hour of sleep) Ͼ10 or a respiratory event index (apneas ϩ hypopneas) Ͼ15. For both idiopathic RBD patients and normal controls, sleep was recorded according to the method of Rechtschaffen and Kales 11 which includes standard EEG leads (C3-A2, O2-A1), bilateral electrooculogram (EOG), and chin EMG recordings. Since loss of REM sleep atonia precludes use of the Rechtschaffen/Kales method for scoring REM sleep, the occurrence of the first REM was used to determine the onset of REM sleep. Termination of a REM sleep period was identified either by the occurrence of a specific EEG feature of another sleep stage (K complex, sleep spindle) or EEG sign of arousal, or by the absence of rapid eye movements for 3 consecutive minutes. Each 20-second REM epoch was scored as tonic or atonic depending if chin EMG activity (defined by amplitude Ͼ2ϫ background, or Ͼ10 V) was present for more or less than 50% of the epoch duration and from this, the percentage of REM periods with tone (% tonic REM) was calculated. Percent phasic chin EMG density was scored from the submental EMG activity and represented the percentage of 2-second mini-epochs containing EMG events lasting 0.1 to 10 seconds, with an amplitude exceeding 4 times the amplitude of background EMG activity. PSG variables assessing REM tone were scored by the same technician, who was blinded to eventual disease status.
Analysis. For comparison between groups, the nonparametric
Mann-Whitney U test was used to compare continuous variables. Categorical variables were compared using Fisher exact test. Because patients with dementia and patients with PD had not been matched to demographic characteristics, linear regression analysis, adjusting for age and sex, was used for comparisons of dementia and PD.
RESULTS

Patients.
A total of 29 patients with PSG recording developed a neurodegenerative disease. Three patients were excluded because PSG recording was not computerized, and REM atonia % was not calculated. Of the 26 patients included, 13 were diagnosed with dementia, 12 with idiopathic PD, and 1 with multiple system atrophy. Of the patients with dementia, 7 met consensus criteria for probable LBD, 12 and 6 were diagnosed with possible LBD/ AD. Age at PSG was 69.5 Ϯ 1.5 years (mean Ϯ standard error), and 21 (81%) were male. PSG was performed on average 6.7 years before onset of neurodegenerative disease. The mean symptom duration before PSG was 5.5 Ϯ 0.85 years, similar to the symptom duration in those who remained diseasefree (7.0 Ϯ 2.1 years).
Sleep variables.
When comparing all patients with idiopathic RBD to controls, there were no differences in total sleep time, % of sleep in stages 1-4 and REM sleep, or sleep efficiency (table 1). As expected, there were highly significant differences between idiopathic RBD patients and controls in tonic and phasic EMG activity during REM sleep. When comparing idiopathic RBD patients who eventually developed neurodegenerative disease to idiopathic RBD patients who remained free of disease, there were no baseline differences in sleep latency, % of sleep in stages 2-4 and REM sleep, or sleep efficiency. However, patients who developed disease had a significantly increased % tonic chin EMG activity during REM sleep at baseline (i.e., more severe loss of REM atonia) than those who remained diseasefree (62.7 Ϯ 6.0% vs 41.0 Ϯ 6.0%, p ϭ 0.020). This effect was not found for phasic submental EMG activity during REM sleep. In addition, there was a slight increase in % of sleep in stage 1 in those who developed disease compared to those who remained disease-free (16.8 Ϯ 2.0% vs 12.6 Ϯ 2.5%, p ϭ 0.034).
When patients were divided according to disease syndrome (PD vs dementia), baseline differences in tonic chin EMG activity during REM sleep were most striking in patients who eventually developed PD (72.9 Ϯ 6.0% in PD vs 41.0 Ϯ 6.0% in disease-free, p ϭ 0.002) (table 2). The point estimate of % tonic chin EMG activity in dementia patients was intermediate between disease-free and patients with PD (54.3 Ϯ 10.3), but these differences were not significant. Phasic submental EMG activity during REM sleep was similar in patients with dementia and patients with PD. Patients who eventually developed dementia had less slowwave sleep at baseline compared to patients with PD (4.6 Ϯ 1.1% vs 10.5 Ϯ 2.1%, p ϭ 0.026), but there was no significant difference from those who remained disease-free (p ϭ 0.45).
DISCUSSION
The existence of a large cohort of patients with idiopathic RBD who have developed neurodegenerative disease provides an opportunity to define predictors of PD and dementia in patients with idiopathic RBD. In this study, we have found that the severity of abnormalities in % REM sleep atonia (the essential characteristic of RBD), assessed nearly 7 years before disease onset, can predict development of PD. This is the first reported predictor of neurodegenerative disease in patients with idiopathic RBD.
The principal finding is that % tonic chin EMG activity during REM sleep (i.e., the percentage time spent in tonic REM) predicts PD. The original article describing the elevated risk of PD among idiopathic RBD patients did not calculate % REM tone 3 ; however, it found a nonsignificant increase in occurrence of tonic REM sleep abnormalities in those who developed PD compared to those remained idiopathic (91% vs 69%), which may accord with our findings. The only other cohort study of neurodegeneration in RBD did not find differences in either tonic or phasic REM sleep tone, 4 although the point estimate of % tonic REM sleep was higher in the group who developed neurodegeneration (44.4% vs 36.7%). Of the 20 patients in this study with disease, 4 had only mild cognitive impairment, and only 9 had PD-it would be of interest to assess if % tonic REM was different between diagnostic groups in this study. A second study by the same group found no increase in % tonic REM between patients with idiopathic RBD and patients with RBD associated with PD, although there was an increase in those with multiple system atrophy. 13 This study had a high proportion of mildly symptomatic RBD in the PD group, so results may not be directly comparable to our cohort, in which all patients presented with symptomatic idiopathic RBD. The reason for the link between the severity of REM atonia loss and disease risk is not clear. One potential explanation would be that, since % tonic REM progresses with time even in established RBD, 14 this could simply reflect a longer duration of RBD in the disease group. This does not seem to explain our findings because 1) patients were matched for duration of diagnosed RBD (i.e., duration since PSG) and 2) symptom interval was not different between patients who did or did not develop disease-in fact, the interval estimate was slightly longer in disease-free RBD patients (it should be noted, however, that symptom onset is often difficult for patients to define). Loss of REM atonia is the essential hallmark of RBD, so a higher % tonic EMG activity during REM sleep could be interpreted as more "severe" RBD. This could suggest that there is a subtype of "mild" RBD that is at lower risk of disease. The question of whether there are any differences in severity of degeneration in REM-controlling nuclei in patients with higher % tonic REM EMG activity awaits large-scale pathologic studies.
It should be noted that there is substantial overlap between groups and % tonic REM EMG activity by itself cannot perfectly predict disease risk. In this study, the optimal cutoff of 60% tonic REM EMG activity would allow classification of eventual disease development with a sensitivity of 64% and a specificity of 80% for all neurodegenerative disease. For predicting PD only, the optimal cutoff remains 60%, sensitivity improves to 75%, and specificity is 80%. However, calculations of this nature are completely dependent upon duration of follow-up-some of those in the "disease-free" group will almost certainly eventually develop neurodegenerative disease, changing calculations of sensitivity and specificity. In addition, our study population consisted entirely of persons who presented to our sleep disorders clinic for symptomatic complaints of dream-enactment behavior-these results may not extrapolate to general population RBD studies (i.e., asymptomatic patients screened for RBD in potential presymptomatic PD screening programs). The eventual role of PSG as a screen for asymptomatic PD remains unclear.
It is unclear why we found a difference with % tonic REM but not with phasic REM density. Abnormalities of tonic and phasic REM sleep are both clearly seen in RBD compared to controls. However, they can disconnect-for example, there are numerous unequivocal RBD cases described in which only phasic REM EMG tone was altered, with normal tonic REM sleep. 15 Melatonin, a medication effective for RBD, corrects abnormalities of tonic but not phasic REM EMG, and clonazepam, the mainstay of treatment for RBD, may alter phasic but not tonic REM. 5, 15 There have been suggestions that tonic and phasic EMG activity in REM sleep may have separate mechanisms, with tonic EMG activity reflecting degeneration of the sublaterodorsal nucleus, 16 and phasic EMG activity depending upon activation of locomotor generators during sleep and upon alteration of pathways in the intermediate ventromedial medulla. 17 Therefore, it is conceivable that degeneration of the sublaterodorsal nucleus is more closely linked with risk of PD.
It is also unclear why there was a relationship between tonic REM and risk of PD, but no relationship with dementia. According to Braak's suggested staging system of PD, there is progressive synuclein accumulation in an ascending pattern in the brainstem, such that pontine structures (involved in REM control) should be severely affected by the time clinical threshold for PD develops. 18 In dementia, such a staging system may not apply; that is, there may be alternative progression patterns of neurodegeneration. This concept is supported by pathologic studies of patients with a malignant phenotype of PD who presented with early dementia, in which Braak stages were not followed. 19 Therefore, one could propose that patients who eventually develop dementia may have less consistently severe degeneration of pontine structures at baseline. However, this hypothesis would require confirmation in pathologic studies.
Finally, we have found some equivocal evidence that there is a shift in sleep patterns from slow wave (stage 3 and 4) to lighter stages of sleep (stage 1) in those who will eventually develop dementia, compared to those who developed PD (although there were no significant differences between patients with dementia and controls). This cannot be explained by age or sex differences, as these were adjusted for in regression analysis. Differences were subtle, and scoring of slow-wave sleep can be difficult, so it is possible that these results represented a chance finding. Slow-wave sleep progressively declines with normal aging, particularly among men. 20 Some studies have demonstrated decreased slow wave sleep in patients with AD compared to controls, [21] [22] [23] although other studies have found no differences. [24] [25] [26] There were very few patients in these studies with Lewy body dementia. It would be important to study sleep patterns in dementia subtypes, including LBD.
It is important to note some limitations of this study. Although sample size was relatively large, there would not be sufficient power for subgroup analysis. Diagnosis of neurodegenerative disease was clinical. In particular, diagnostic criteria for Lewy body dementia may be insensitive-we suspect that most patients with possible LBD/clinical AD in fact had LBD. 27 Phasic muscle activity was measured in the chin EMG only, and it is possible that estimations in the limbs may provide different results. The study is exploratory in nature, with no adjustment for multiple comparisons. 28 It is conceivable that some of our results were due to chance-this would be less likely for the findings of REM atonia, in which consistent significant differences were seen in all patient groups. This study was restricted to evaluation of polysomnographic markers because these were generally available for all patients. There are numerous other potential markers of interest which are actively being studied in an ongoing prospective protocol, by our group 29 and other groups-this will yield results in the next few years.
